ABSTRACT The effects of four levels of activity on heart rate, blood pressure, cardiac index, total peripheral resistance index (TPRI), norepinephrine (NE) spillover rate, insulin sensitivity, and levels of lipids and some hormones were studied in 12 normal subjects. The randomized periods were (1) 4 weeks of below-sedentary activity, (2) 4 weeks of sedentary activity, (3) 4 weeks of 40 min of bicycling three times per week, and (4) 
REGULAR PHYSICAL EXERCISE is generally recommended for the prevention of cardiovascular disease, largely on the basis of epidemiologic studies.`l The benefits of exercise may be due to reduction in some of the risk factors or through other effects.'-' There has been a diversity of views about the extent of the benefit, the physiologic basis for such an action, and the amount of exercise that is required. Some studies have suggested that a prolonged and intense effort is required,2 while from others it would appear that adequate benefit is conferred by a few minutes of leisure-time activity. 3 Many physiologic studies that have examined the effects of exercise on blood pressure and lipid levels activity was maintained for 4 weeks and the order of treatments in the different subjects was randomized according to a Latin-square experimental design to eliminate bias in the order of administration. We paid close attention to the maintenance of constant body weight and salt intake at the different levels of activity. We assessed the effects of exercise from measurements of circulatory, metabolic, autonomic, and hormonal variables 48 hr after completing a particular 4 week activity period to avoid the confounding effects of a short-term bout of exercise on the results. We also examined how the latter affected the performance during short-term, graded steady-state exercise.
Methods
Twelve normal subjects participated in the study, which was performed with the approval of the Alfred Hospital Clinical Ethics Committee. The subjects had sedentary occupations and none had participated in regular vigorous leisure time activity in the previous year. Eleven were men and the average age was 22 years (range 19 to 27 years).
The protocol involved four consecutive 1 month periods at each of the four levels of activity referred to in the introduction: (1) below-sedentary activity (during the second half of the period of reduced activity the subjects were admitted to hospital for 2 weeks rest), (2) normal sedentary activity, (3) normal activity plus three standard exercise periods weekly, and (4) normal activity plus daily standard exercise periods. The order of these periods was randomized and the allocation followed a 4 X 4 Latin square for each set of four subjects.
The standard exercise periods were strictly supervised and consisted of 40 min exercise on an electrically braked bicycle ergometer. A five min warm-up was followed by 30 min at a workload of 60% to 70% of the previously determined maximum work capacity (Wmax) and a 5 min cool down. Heart rate was monitored from the electrocardiogram and the workload was adjusted to maintain heart rate during exercise within the range of 120 to 150 beats/min.
The subjects took no medications and kept factors other than physical activity as constant as possible during the study. activity phase of the study. However, the total duration of the study was the same in all 12 subjects since these five were sedentary during the period they were allocated to reduced activity. Comparisons have been made by partitioning of the sums of squares both in the seven subjects who completed all four levels of activity and in all 12 subjects (3 "treatments").
The results in this subgroup, however, were so similar to those in the total group that the inclusion or exclusion of this group did not alter any of the conclusions with respect to statistical significance.
Results
The efficacy of the Latin-square experimental design was tested by analysis of each variable, measured at the end of each consecutive 4 week period, irrespective of the level of activity in a given individual. There were no significant differences in any of the mean values for the variables over the successive periods. For 0.06 ,ug/min/M2 (sedentary) to 0.12 ± 0.01 ,ugl min/m2 (figure 5, left; SED -0.05, p < .01). In these subjects NE spillover rates were not significantly different during the 3 times a week bicycling from those during the more sedentary phases of the study.
In these 10 subjects plasma NE concentrations were markedly lowered during the seven times per week bicycling period (to 126.3 + 1 1 pg/ml) compared with those during sedentary activity 261 ± 35 pg/ml). During the three times per week bicycling period there was only slight reduction to 229 + 25 pg/ml (NS from sedentary level). Plasma epinephrine was not altered from the value observed during the sedentary phase of the study at either of these levels of regular exercise.
In ASED is the standard error of the difference between any two columns from the analysis of variance. Bn = 7 are the average results for the seven subjects who completed all four activity periods. n = 12 are the results when the five subjects who did not perform the reduced activity periods are included. lowed a similar pattern, being similar after reduced and sedentary activities, but falling by 52% and 43% after 3 times daily and daily exercise, respectively, in this subgroup of 10 subjects (both p < .05).
No significant changes were noted in any of the other hormonal measurements between the various levels of activity. These included serum thyroxine and tri-iodothyronine, thyroid binding index, morning and afternoon levels of cortisol, and resting levels of prolactin and growth hormone (table 1) .
Metabolic measurements. Resting insulin sensitivity was determined at the end of each activity schedule after the measurement of NE spillover rate. Since the steady-state insulin concentrations during the insulin infusions were not identical at all four levels of activity (table 2) , we expressed insulin sensitivity as the mass of glucose used (mg/kg/min/lgU/ml) divided by plasma insulin concentration (p,U/ml). During the four activity levels insulin sensitivity was lowest during the below-sedentary period (8.6 mg/kg/min/gU/ml), was significantly higher during the sedentary phase (11.9 mg/kg/min), and was still higher during the period of bicycling three times per week (16.4 mg/kg/min/ ,uU/ml; p for both < .05) However, during the period of bicycling seven times per week the insulin sensitivity again declined to 12.6 mg/kg/min/,uU/ml (p < .01 ), i.e., close to the value during the sedentary phase of the study ( figure 6) .
Results of the short-term exercise tests during the two more active periods showed that the maximum oxygen consumption and Wmax were significantly higher that those during the sedentary and below-sedentary periods of activity (figure 6). Thus, Wmax was 12.5% and 23% higher in subjects bicycling three and seven times per week, respectively, compared with the average values during sedentary and below-sedentary activity. Corresponding increases in maximum oxygen consumption above sedentary values, which averaged 31.9 ml/kg/min, were, respectively, 11% and 24%.
Cholesterol and triglycerides. Fasting plasma cholesterol, which was 4.81 mmol/liter after the sedentary period, fell by 0.05 mmol/liter (NS) after three times insulin sensitivity declined. Although doubling the SED activity schedule still produced some cardiovascu-160 watts lar benefit -for example, lowering of blood pressure and plasma cholesterol -this may have been at some metabolic cost in the form of reduced glucose tolerance.
Our subjects showed no change in body weight or significant changes in urinary sodium excretion, sug-2.0 Llmin I gesting that the observed changes were not due to dietary factors. The use of the Latin-square experimental design appeared to have eliminated bias due to factors such as training and there was no evidence of alterations in other environmental factors. Thus, it seems reasonable to attribute the observed changes to 11.9 units J alterations in the level of regular activity during each 4 I week period. This was supported by the close similarity of various initial baseline measurements made in all of the subjects to corresponding measurements made during the sedentary period of the study. The different measurements were made starting 48 4.81 mmol/L hr after the last bout of exercise to eliminate any contribution of the short-term effects of exercise. This appears to have been a sufficient interval since resting oxygen consumptions were closely similar during all four study periods. in NE spillover rate and plasma concentration from their values during sedentary activity was similar to the changes observed with therapeutic doses of clonidine, which greatly reduces sympathetic nerve activity.'3 After bicycling seven times per week the observed reduction in sympathetic activity was certainly sufficient to produce significant lowering of TPRI, and reduction in renin-angiotensin system activity could have added to this effect. In this subset of normal subjects the changes in sympathetic activity and renin levels were more variable after three times per week bicycling (figure 4) and did not reach statistical significance, even though the fall in blood pressure and TPRI was quite definite. Clearly the relationship between average sympathetic activity and hemodynamic changes is not a simple one. The sympathetic nervous system is not a system for uniform mass action, but various stimuli elicit characteristic differentiated patterns of neural activity, and hemodynamic changes can cause increase in some outflows and decrease in others. 25 Hence, measurement of average NE spillover rate is not as informative as measurement of NE spillover rate to individual organs. 26 The latter measurements are not practicable in longterm investigations of normal individuals. Average NE spillover rate is most affected by the spillover rate from the lungs, muscle, and skin, and less affected by the spillover from gut (because of NE extraction by the liver) or from the kidney and heart (because of their small bulk). 24 26However, from the viewpoint of blood pressure regulation it is the reduction in sympathetic activity in the last three organs that probably contributes most of the fall in blood pressure and vascular resistance. It is possible that despite the more variable change in NE spillover after bicycling three times per week, spillover could have been reduced in one of the beds most critical from the viewpoint of the hemodynamic changes. Such nonuniformity of sympathetic discharge cannot be excluded in the two subjects in whom NE spillover rate increased, while blood pressure and TPRI decreased. Some differentiation in sympathetic patterns was present in all subjects in whom epinephrine levels (indicative of adrenal medullary secretion) did not change, while NE spillover rate (indicative of sympathetic neural activity) was altered significantly (figure 4). Although reduction in heart rate at rest has a considerable vagal component at maximum exercise, heart rate is almost entirely influenced by the cardiac sympathetics.l" Some reduction in sympathetic component is suggested by the maintenance of the cardiac slowing effect of training during nearmaximum steady-state exercise.
Our findings on reduced insulin sensitivity during the below-sedentary period of the study are in accord with previous findings by others of a decrease in glucose tolerance, as are our findings of an increased sensitivity during the three times per week bicycling period.27 29 The increase in glucose utilization with exercise,29 which is enhanced after training, occurs despite a fall in insulin secretion, suggesting factors in addition to insulin action,29 but has been correlated with increased insulin binding to circulating monocytes. We were not able to confirm previous findings, "between subjects" that improved glucose utilization with physical training is correlated with changes in maximum oxygen consumption27 since, despite a further 10% increase in maximum oxygen consumption when activity was increased from three times per week exercise, there was a fall in insulin sensitivity. This paradoxical fall with increased activity, which suggests some impairment in carbohydrate metabolism, could not be related to hormones that oppose insulin actions such as epinephrine or cortisol, and occurred despite an apparent reduction in sympathetic tone. An increase in growth hormone levels might account for the fall in insulin sensitivity, but the average 50% increase in growth hormone between exercise three times per week and seven times per week did not achieve significance. We do not know whether insulin sensitivity would subsequently have improved if the period of daily exercise had continued for more than 4 weeks, but our findings suggest that the optimum amount of regular exercise may be somewhere between three and seven times per week and that there should be some rest days.
A further beneficial effect of increased physical activity was a fall in total plasma cholesterol. However, no changes were observed in the concentrations of plasma triglyceride or in high-density lipoprotein cholesterol. In cross-sectional studies such as the Coronary Primary Prevention Trial, physical activity has been found significantly predictive of triglyceride and high-density lipoprotein cholesterol levels.30 31 However, recent studies have emphasized the multifactorial effect on high-density lipoprotein cholesterol and changes in body fat and in dietary habits are at least as important as the degree of fitness.32 3 Our subjects were lean, did not change weight, and had high baseline high-density lipoprotein cholesterol levels. Whereas exercise training may account for differences in high-density lipoprotein cholesterol in active and inactive men, other factors are more likely to be responsible for these differences among similarly active men. 35 In conclusion, increased physical activity in young sedentary normal subjects has effects that should reduce the possibility of subsequent development of cardiovascular disease. These include a clinically significant fall in resting blood pressure associated with a fall in peripheral resistance and an increase in cardiac output. These changes may have been due to reduced sympathetic activity, somewhat analagous to the effects of centrally acting antihypertensive drugs. The reduction in blood pressure is similar to that seen after ,3-adrenoceptor antagonists or other antihypertensive drugs and also occurs in patients with essential hypertension.36 It is greater than that usually associated with dietary measures such as salt restriction or vegetarian diets.37 Increase in ventricular fibrillation threshold may be another benefit of exercise associated with cardiac slowing and reduced sympathetic activity.38 However, with excessive slowing of the heart there may be the opportunity for additional ventricular ectopic activity, albeit not repetitive. Other beneficial effects were enhanced glucose utilization during insulin infusion, but only after exercise three times per week.
Epidemiologic studies have suggested that even minor impairment of glucose tolerance may increase risk for cardiovascular disease.39 There was also a significant fall in plasma cholesterol levels. Our findings were in young, lean, sedentary, normotensive subjects and are therefore relevant to the possible prevention of cardiovascular disease. They were studied after 4 weeks at each level of activity. There is no reason to expect that similar mechanisms would not occur with more protracted comparable activity, or in older subjects. Similar studies, especially in hypertensive subjects, would be of particular interest. The results show that 30 min of bicycle exercise at 60% to 70% of Wmax three times weekly is sufficient for most of the beneficial hemodynamic and metabolic effects to occur. An increase in frequency to daily exercise improved physical performance, but had little or no additional beneficial effects on blood pressure or glucose utilization.
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